Abstract: Aeromonas hydrophila is frequently reported from arsenic affected areas. Present study was aimed to determine the effect of arsenic and temperature on growth of A. hydrophila. The bacteria were isolated from naturally infected fish from a water body in Birbhum, West-Bengal, India, which is reported to be an arsenic-free area. Arsenic concentration in natural aquatic reservoirs (e.g., pond, lake or river) varies from 0-6 mg/L. No significant change in bacterial growth was observed within this range of arsenic exposure. However, variation in temperature impacted the growth of A. hydrophila. A single dimension model was constructed using simple logistic equation. Rate parameters of the model were derived from the experimental observations. Comparison of model results and laboratory observations gives a good conformity regarding the effect of variation of arsenic concentration and temperature change on growth of this bacterium. From the analysis of this model we further get the idea that the maximum growth of A. hydrophila is supposed to be at 31.4
Introduction
Arsenic, a naturally occurring metalloid is distributed widely in air, water and soil (Banerjee et al. 2011) . It is present in nature in four oxidation states (+5, +3, 0 and -3), with pentavalent As 5+ (arsenate) and trivalent As 3+ (arsenite) being the most common forms. Arsenate is the less mobile form of arsenic and acts as a structural analogue of phosphate interfering with phosphate uptake and utilization. Arsenite, the main cause of arsenic toxicity in water, is more toxic than arsenate and is able to disrupt enzyme functions (Cervantes et al. 1994) .
Although arsenic is generally toxic to life, bacteria are known to have evolved mechanisms to overcome the toxic effects of arsenic, which in turn can affect arsenic speciation in the environment. Earlier workers have suggested the involvement of arr genes, ars operon and aso genes in the process of arsenic resistance and metabolizing systems in bacteria (Cervantes et al. 1994; Silver & Phung 2005) .
Aeromonas hydrophila, a Gram-negative rodshaped bacteria distributed throughout the globe, is found to cause a variety of disease in fish as well as other vertebrates including human (Janda & Abbott 1998) . In fish it was reported to be the causative agent of ulcerative disease syndrome (Janda & Abbott 1998; Majumdar et al. 2007 ) and apoptosis (Banerjee et al. 2012) .
Bacterial viability depends on various environmental factors. Information on the effects of environmental stress on bacterial life-cycle and pathogenicity is important. Environmental stresses, such as starvation and heat shock have significant survival and physiological aspects in different bacteria (Jyot & Ghosh 1995; Koga & Takumi 1995a) . Among the other environmental stresses affecting bacterial growth, temperature is probably one of the most common and important fac-826 R. Goswami et al. tors. In fresh water or seawater within temperate latitudes, aeromonads are found in high numbers in late summer and early autumn when the temperature is around 20-25 • C; they are rarely detected during cold seasons (Maalej et al. 2004) . In arid regions, the maximum population of aeromonads in fresh water is observed during winter (Maalej et al. 2003) , probably because of the relatively mild winter and especially hot summer seasons. A significant decrease in number of Aeromonas sp. was noticed when incubated at 4
• C as their rate of nutrient uptake was too low at this temperature (Cavari et al. 1981) . The inability to isolate Aeromonas sp. during the winter months or from cold waters may result not only from cell death, but from the entry of cells into a viable but non-culturable state (Mary et al. 2002) . Various Gram-negative bacteria are known to enter such a state when exposed to adverse environmental conditions. For instance, when Vibrio cholerae or Vibrio vulnificus were incubated in sterile seawater at 5
• C the cells entered the viable but nonculturable state that could be reversed by raising the temperature to 25
• C (Maalej et al. 2004) . Metals are also known to affect growth and several other physiological attributes in bacteria. Surve & Bagde (2010) suggested that exposure to arsenic inhibited the growth as well as synthesis of proteins, DNA, RNA and activity of dehydrogenases of the tricarboxylic acid cycle in bacteria in a dose-dependent manner. It was observed that the presence of cobalt and cadmium inhibited bacterial growth (Blundell & Wild 1969; Koga & Takumi 1995b) . Besides, they also help in induction of tolerance to temperature, osmotic stress and multiple antimicrobial resistance phenotypes in bacteria (Hernandez et al. 1998) .
Models are used to describe the behaviour of microorganisms under different physical or chemical conditions, such as temperature, pH and water activity (Zwietering et al. 1990 ). Literatures provide a number of growth models based on Monod and MichaelisMenten kinetics, which describe the number of organisms and consumption of substrate (Bagh et al. 2006) . Spencer & Baines (1964) studied the effect of temperature on spoilage of fish and proposed a linear dependency of rate of spoilage on temperature (but valid only at temperatures below 6
• C). Later, Olley & Ratkowsky (1973) studied the effect of temperature in the storage and distribution of flesh foods using Arrhenius (2)-type equation, which is able to predict results up to 15
• C. Schoolfield et al. (1981) used a non-linear Arrhenius type model describing the specific growth rate as a function of temperature over the whole bio-kinetic temperature range. Ratkowsky et al. (1982 Ratkowsky et al. ( , 1983 proposed a squared root model and an expanded square root model, the former describes the specific growth rate up to 15
• C and the latter describes the growth rate over whole bio-kinetic ranges. Adair et al. (1989) compared Ratkowsky model and Schoolfield model and concluded that Schoolfield model gives better predictions. On the other hand, Zwietering et al. (1991) compared several bacterial growth models and concluded that the modified Ratkowsky model was most suitable to describe specific growth rate as a function of temperature.
Efforts were made to describe the growth responses of A. hydrophila with respect to the effects of temperature, sodium chloride concentration and pH (Palumbo et al. 1991 (Palumbo et al. , 1992 and by using optical density (O.D.) measurements (Hudson 1992a) . McClure et al. (1994) also studied the effect of temperature, NaCl concentration and pH on the growth of A. hydrophila where they used Gompertz and quadratic response surface curve fitting equations to generate growth curves. Predictive growth models for A. hydrophila were also used by other authors (Pin et al. 2004; Pianetti et al. 2005) .
The effect of environmental stress on Aeromonas sp. has not been well documented . Among the different metals ubiquitously distributed in nature, arsenic appears to be the most common (Cervantes et al. 1994) . Consequently, the chances of bacteria getting exposed to this toxicant are higher than to most other metals. The present study was aimed to develop a mathematical model to determine the effect of arsenic (As 3+ ) on the growth of A. hydrophila maintained at different temperatures between 15-42
Occurrence of A. hydrophila that can tolerate these arsenic concentrations (Anderson & Cook 2004; Pepi et al. 2007 ) and temperature ranges (Kirov 1997 ) was isolated previously from nature. Besides its presence in arsenic prone areas, A. hydrophila was selected as it is autochthonous to aquatic systems, ubiquitous at varying temperatures, salinity and nutritional conditions (Huddleston 2006) and pathogenic in nature (Janda & Abbott 1998; Goswami et al. 2011 ).
The present research will reveal the survivability status of A. hydrophila in aquatic systems. Since different geographical regions have different temperature and arsenic concentration, which can severely influence the bacterial growth and physiology (Palumbo et al. 1991; Kirov 1997; Anderson & Cook 2004; Pepi et al. 2007; Surve & Bagde 2010; Goswami et al. 2011) , the modelling approach would be helpful to check the effect of temperature and arsenic on the growth/viability of A. hydrophila throughout the globe.
Material and methods

Bacterial strains
Wild type A. hydrophila, strain AO1 used in the study was isolated from naturally infected fish of arsenic-free water body in Birbhum, West-Bengal, India (http://www.soesju. org/arsenic/wb.htm) and described earlier (Majumdar et al. 2007; Goswami et al. 2011) . The bacteria were grown in brain heart infusion broth (BHI, Himedia, India) at 37
• C and pH 7.4 and maintained in nutrient agar slant at 4
Preparation of arsenic stock Arsenic stock solution (100 mM) was prepared by dissolving arsenic trioxide (As 3+ , Sigma) in dilute acidic (HCl) distilled water and the pH was adjusted to 7.0 by adding Determination of the effect of arsenic on growth of bacteria A. hydrophila were grown to late-log phase at 37
• C in BHI, centrifuged at 10,000×g for 15 min at 4
• C and the pellet was re-suspended in phosphate buffered solution (pH 7.4). Equal number of bacteria was added separately to BHI containing 1, 2, 4 and 6 mg/L (As-BHI) maintained at 15, 20, 25, 30, 37 and 42 • C, respectively, and for other higher concentrations (84, 168, 252 and 450 mg/L) and maintained at 30
• C. Growth of bacteria was monitored at regular intervals at 600 nm (Podolskaya et al. 2002; Salam et al 2009; Goswami et al. 2011) . The results are representative of three independent observations.
Model development
Mathematical model has been developed in STELLA 6.0 software (ISEE Systems) from the experimental observation. Normally bacterial growth obeys logistic equation (Smith 1974 ) of the form:
where r is the growth rate and K is saturation constant. Change of temperature and arsenic affect these two parameters. Therefore by observing the changes of these two parameters the model has been developed. The conceptual model is shown in Figure 1 . Population of A. hydrophila is represented by a pool (N ) whose state changes along with the change in temperature (T ) and arsenic concentration. In general, the four phases of bacterial growth curve can be described as lag phase, log phase, stationary or asymptote and death phase. Experiments revealed that the lag phase was very short at all temperatures, whereas log phase was much steep and prominent. These two phases are included in the model. Death phase was not considered in this model.
Results
Experimental results
At control (zero arsenic concentration), all the experiments were conducted three times for 32 hours at different temperatures. The average of all these experiments is plotted in Figure 2 . Results shows the saturation level of bacterial growth is attained at 30 (Fig. 2) . These experiments were continued till 64 hours at 30
• C in order to observe the saturation levels at higher concentration of arsenic (Fig. 3) . With every increase of arsenic concentration to 84 mg/L, 168 mg/L and 252 mg/L, the saturation phase of the curve falls by 23%, 36% and 61%, respectively. At 450 mg/L, prolonged lag phase with very short log phase and stationary phase of the bacterial growth curve was observed, which almost touches zero showing no further growth (Fig. 3) .
Model results
Variation of growth rate. Based on the experimental results we have observed the log phase (exponential growth phase) and stationary phase of bacterial growth for six different temperatures in presence and absence of different arsenic concentrations. The slope of log phases at half maximum saturation, which gives the growth rate, from each curve has been found and plotted with temperature (Fig. 4) . It is observed that the growth Variation of stationary level. From the observed data it is seen that the saturation level varies with temperature as well as with arsenic concentration. First of all, we have plotted the half saturation level at different experimental temperature for zero arsenic concentration. The curve follows Gaussian in nature (Fig. 5) . The R 2 value for the polynomial regression that fits the equation is 0.9617. This shows that the maximum growth occurs at 31.4 where A represents arsenic concentration (mg/L) and A max is the maximum arsenic level above which there will be no growth of bacteria at all. From our observation the value of A max is 477 mg/L. (Fig. 7B) . Chi-square tests were performed to check the goodness of fit for statistical significance between observed results and simulated results of A. hydrophila growth curves. Results showed p < 0.05 for all cases.
Validation of the model
Sensitivity analysis
Sensitivity analysis of a model aims to understand the response of the variables to changes in parameters. The important parameters in the newly developed models are temperature (T) and arsenic concentration (A). To see the importance of these parameters on bacterial growth, sensitivity analysis was done. At T = 31.4
• C and A = 0 mg/L, the growth rate of A. hydrophila was seen to be maximum in our study. Therefore, keeping one of the two parameters (T or A) as constant and changing the other parameters into several folds, the decrease of saturation level was observed (summarized in Table 2 ). From this observation it can be easily stated that the temperature is more sensitive to A. hydrophila growth than the arsenic concentration.
Discussion
A. hydrophila is pathogenic to human and lower invertebrates ). The bacteria isolated from spring waters, sewage and industrial effluents make them ideal to study metal-microbe interactions under different physical and chemical conditions (Boussaid et al. 1991; Kirov 1997) . Temperature is one of the most important environmental factors that not only affects bacterial growth and cellular integrity, but also regulates its pathogenicity (Hudson 1992b; Krovacek et al. 1992; Suutari & Laakso 1994; Sajbidor 1997) . It was reported that the number of Aeromonas sp. are temperature dependent with highest numbers recorded in the summer (Chauret et al. 2001) .
A. hydrophila are able to grow or survive at temperatures ranging from 5 to 45
• C (Kirov 1997 ) and under poor nutrient conditions (Pianetti et al. 2005) . Several methods were used to study the growth of A. hydrophila exposed to different environmental conditions or stress. Mary et al. (2002) demonstrated that stressed and starved Aeromonas spp. can enter a non-culturable state, most likely due to sub-lethal injury mechanisms, including, among others, damage to the cell membrane. To overcome the above problem turbidometric analysis by UV-visible spectrophotometer was used in the present study.
Earlier, the quadratic form of equation was used to describe the influence of temperature on growth of A. hydrophila (Palumbo et al. 1991) . In the present paper, second order polynomial and Gaussian fit equations are used for bacterial growth curves for two dif- ferent phases to get the best fit results with observed data.
Motile aeromonads have an optimal growth temperature of 28
• C but some strains have a larger colony size after incubation on solid media at 37
• C (Statner et al. 1988 ). The present findings corroborate with above statement.
Exposure to heavy metals is a common phenomenon due to their environmental pervasiveness. The present paper summarizes our current understanding about the mechanism by which arsenic induces its toxic effects on bacteria (A. hydrophila) isolated from arsenicfree region. Goswami et al. (2011) reported that arsenic has profound effect on the physiology of A. hydrophila. It was observed that pathogenicity of A. hydrophila was significantly decreased in case of acute exposure of arsenic; however, chronic arsenic exposure led to significant recovery in pathogenic potential in bacteria . If the bacteria (A. hydrophila) were isolated from any arsenic polluted region, it would have adapted to arsenic pollution and (may) behave differently if considered for experiment. It was taken from arsenic-free area only to study its behaviour (growth) when exposed for the first time ever in arsenic. One of the most common sources of arsenic contamination is drinking water, where concentrations could range from 0.01 to 4 mg/L in the Indo-Bangladesh region (Flora et al. 2008; Salam et al. 2009 ). Salam et al. (2009) isolated and characterized arsenic-resistant bacteria from different regions of Bangladesh and observed that bacteria can tolerate more than 100 mg/L of arsenic. Aeromonas sp. was isolated from arsenic contaminated sites in New-Zealand that could tolerate up to 100 mM arsenate or up to 20 mM arsenite (Anderson & Cook 2004) . Pepi et al. (2007) suggested the presence of arsenic-resistant Aeromonas sp. isolated from contaminated sediments of the Orbetello Lagoon, Italy, which could tolerate up to 16.68 mM arsenite. Both the arsenic (As 3+ ) concentrations (20 mM and 16.68 mM) are much higher than the maximum experimental concentrations of arsenic (450 mg/L) selected for this study (450 mg/L is equivalent to 2.27 mM arsenic trioxide). There are many other bacteria in nature that can tolerate much higher concentrations of arsenic than the experimental doses selected in the present study (Mateos et al. 2006; Rehman et al. 2010) .
Modelling of bacterial growth curves at different concentrations of arsenic reveals that there is a little deviation in bacterial curves after the addition of arsenic at lower concentrations (up to 6 mg/L) in the medium proving the arsenic resistant capability of A. hydrophila. However, higher concentrations inhibit A. hydrophila growth. It is interesting to note that the A. hydrophila isolate used in the study was collected from the arsenic-free region and grew efficiently in the presence of arsenic. This suggests that arsenic-resistant bacteria might be much more widespread than generally thought and the arsenic resistance could be common in bacteria found in natural environments, regardless of the presence or absence of arsenic (Jackson et al. 2005) . Although it is premature to conclude from this study the existence of early "bio-available" arsenic in this area or the bacteria had been pre-exposed to arsenic and migrated there, our observations support the notion that the genetic mechanisms for xenobiotic resistance are old and evolutionarily conserved (Silver & Phung 2005; Goswami et al. 2011 ).
In conclusion, A. hydrophila show thermo-tolerance between 15 and 42 • C. However, at temperatures below 20
• C and above 37
• C, higher arsenic concentrations (above 6 mg/L) can limit its growth. Prolonged lag phase followed by the appearance of short log phase and early stationary phase of growth is indicative of bacterial growth inhibition with gradual increment of arsenic. In this study, for the first time a model is proposed using combined effect of arsenic and temperature on A. hydrophila growth and this would be helpful in better understanding of metal-microbe interactions at varied temperatures.
